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portion of vascular units has abandoned them because
they are not cost-effective.15 Thus, attempts to reduce the
surveillance programs are under investigation.16 This indi-
cates a need for methods that are simpler, faster, and less
operator dependent for assessment of vein bypass grafts.
Since the 1970s, pulse volume recordings (PVRs) by
means of plethysmographic cuffs have been reported to be
reasonably accurate in detecting arterial disease in the
lower extremity.17 Provided that constant cuff pressures
and volumes are used, PVR estimates well the intra-arterial
pressure waveform taken simultaneously at the same point.
Transfer function index (TFI) measurement of PVRs is a
promising new method for diagnosing vascular disease in
the lower extremities. The aim of this study was to develop
and validate an easily performed noninvasive method to
detect a significant graft stenosis reliably. This would allow
imaging studies to be exclusively reserved for those patients
for whom hemodynamically compromised bypass graft is
highly probable.
MATERIAL AND METHODS
Principle. The test is based on a comparison of a com-
plex waveform analysis of PVRs obtained simultaneously
at two sites. The principle of the test is to take an inflow
PVR waveform from the aortoiliac segment, where,
because of obvious anatomical obstacles on a living
patient, the upper arm serves as a surrogate measure. The
outflow PVR is taken at the lower limb segment distally to
Over the last decade, vein graft surveillance programs
after infrainguinal bypass graft surgery have become a
widely accepted, although not scientifically proved part of
the service provided by vascular units.1-11 Color flow
duplex imaging has been shown to be almost equal, or
even superior, to angiography for the assessment of
infrainguinal native arteries and bypass grafts and is cur-
rently the most accurate method available for graft sur-
veillance.12-14 However, there are some major drawbacks
to its large-scale use. First, duplex ultrasound facilities are
expensive to establish and maintain. Second, performance
of the investigation and interpretation of the results
require a highly trained operator. Furthermore, duplex
scanning is not readily applicable to all parts of a body’s
vascular system. Partly because of these reasons, vein graft
surveillance programs are under scrutiny; a significant pro-
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Objective: Color flow duplex scanning is currently the best method available for vein graft surveillance. However, it puts
a considerable strain on the workload of a vascular unit and requires a highly trained operator. The aim of this study
was to develop and validate a new, noninvasive tool for graft surveillance. The utility of transfer function index (TFI)
of pulse volume recordings is tested for this purpose.
Methods: The design of the study was a blind comparative study that involved 70 testing procedures that were per-
formed on 58 different infrainguinal vein bypass grafts. The TFI was measured with a portable vascular laboratory
multi-cuff unit. Ankle/brachial indexes were obtained with the same device. Color flow duplex scanning was used as a
diagnostic standard. A graft was defined as at risk, according to duplex scanning, if a local stenosis with a V2/V1 more
than 2 was found or if peak systolic velocity remained less than 45 cm/s throughout the graft. The repeatability of the
method was tested on 30 grafts.
Results: A total of 63 tests were available for analysis. Seven tests were excluded. Four were excluded because they had
unreliable TFI measurement due to cardiac arrhythmias, and in three tests, the whole graft could not be visualized in
the duplex scan. Forty normal and 22 at-risk grafts were found. One graft was occluded. The TFI was significantly
lower for at-risk grafts (0.89) versus normal grafts (1.09; P = .005). A TFI of 1.02 or less correctly detected 21 of 22
at-risk grafts. The sensitivity, specificity, and accuracy were 96%, 65%, and 76%, respectively. The ability of the
ankle/brachial index to detect the at-risk grafts was clearly inferior to the TFI. The repeatability of the method at prox-
imal thigh, distal thigh, and proximal calf was ± 0.21, ± 0.07, and ± 0.14, respectively.
Conclusion: The TFI is a sensitive and reliable method to detect an at-risk graft. The examination is noninvasive, sim-
ple, quick to perform, and well tolerated by the patients. We suggest that the TFI could be the first-line screening
method in vein graft surveillance. (J Vasc Surg 2001;33:546-53.)
the distal anastomosis of the bypass graft. This test is auto-
mated on a portable vascular laboratory multi-cuff unit
that is commercially available (Vasoguard; Scimed, Bristol,
UK). This microprocessor-based device has custom-made
software that collects a set amount of pulse volume wave-
forms. These are averaged, normalized in amplitude, and
digitized. The representative waveform is then put
through an integrated 128-point fast Fourier transform
analyzer, which produces a discrete spectrum for each
waveform and is known as a frequency response curve.
Once produced, the inflow (FTp) and outflow (FTd) fre-
quency response curves are displayed as a graph and com-
pared with simple division. This determines the transfer
function (TF), where TF( frequency [f] ) = FTd( f )/
FTp(f ). The identical curves produce a straight line, and
the area beneath this line is equal to 1. If the line descends,
the area is less than 1, and conversely, if it ascends, the area
is greater than 1. This yields a quantitative index of the
transfer function (TFI), which, in theory, correlates with
the relative patency of the intervening arterial segment
(Fig 1, Appendix, online only).
Test performance. The patient is examined while
supine in a peaceful room at constant temperature of
21°C. The TFI program is selected from the on-screen
menu. The standard pneumatic cuffs are placed on the
right arm and on the revascularized limb at the segment
below the distal anastomosis of the bypass graft. For an
JOURNAL OF VASCULAR SURGERY
Volume 33, Number 3 Ihlberg et al 547
inframalleolar bypass graft the cuff is placed at the
metatarsal level. The cuffs are then autoinflated to a
venous occlusion pressure of 60 mm Hg, and the pulse
volume tracing is obtained. When they have settled into a
regular pattern, waveforms are collected for 40 seconds
and averaged to produce a mean. Calculations are then
performed, and the TFI is derived and displayed. This can
be printed out with the built-in thermal printer. 
Design. This study was designed as a blind compara-
tive trial, where color flow duplex scanning was used as a
diagnostic standard. Between January and August 1999,
70 testing procedures were performed on 58 different
grafts and in patients who had previously undergone
infrainguinal bypass grafting with an autogenous vein at
the Division of Vascular Surgery, Department of Surgery,
Helsinki University Central Hospital, Finland. These
patients were examined during outpatient visits as an
adjunct to our routine intensive surveillance protocol.
The test was performed as just described and always by
the same examiner. Another two cuffs were placed on the
proximal and distal thigh of both the operated and the
contralateral limb, as allowed by the multi-cuff unit, to
produce additional data on the TFI’s repeatability. After
the first measurement was recorded, the test was repeated
with the same method.
The ankle/brachial pressure index (ABI) was mea-
sured in a standard manner with the same Vasoguard
Fig 1. Schematic illustration of test performance. Inflow cuff is placed on upper arm, and outflow cuff distally to distal anastomosis. An
averaged waveform (Wp, Wd) is collected, and a fast Fourier analysis is performed (FTp, FTd). The transfer function (TF) =
FTd(f)/FTp(f). If curves are identical, a straight line is produced. The transfer function index is area under line (n). P, Amplitude; f, fre-
quency.
device. The ABI values were recorded and compared with
the immediate postoperative value; a drop of more than
0.15 was considered to signal a failing or failed graft.18
The duplex scans were performed on the same day by a
radiologist (W-D.R.) or a surgeon (L.I.), whose levels of
expertise have been internally validated. Two duplex scan-
ners (ATL Ultramark 9 [Advanced Techniques Laboratories,
Bothell, Wash] or HP Image Point [Hewlett-Packard,
Andover, Mass]) were used with 5-MHz and 7.5-MHz
transducers, as necessary. The patients were examined while
in a supine position. The whole graft, including anastomotic
areas, the inflow artery, and a few centimeters of outflow
vessel, was serially scanned in a search for specific structural
abnormalities or exceptional flow patterns in the color flow
images. A pro forma diagram of the bypass anatomy was
included.
In this report, a graft is defined to be at risk for occlu-
sion in the case of a local stenosis presenting as a velocity
disturbance designated by a V2/V1 ratio greater than
2.0, where V2 is the peak systolic velocity (PSV) at the
site of the stenosis and V1 is the PSV at a nonstenosed
point within 2 cm of the stenosed segment. If the V2/V1
ratio was between 2.0 and 3.0 or greater than 3.0, the
velocity shift was defined, respectively, as a mild or high-
degree stenosis. In addition, cases in which no discrete
stenosis was found but the PSV remained under 45 cm/s
throughout the course of the graft were defined as having
a low-flow state and were also considered to be at risk. If
a stenosis was clearly found and it was limited to the graft,
the revision was performed on the basis of the duplex scan
findings alone. In all other cases the type and nature of
the bypass’ pathologic condition were studied with a
prompt angiogram.
On four occasions, a reliable TFI waveform could not
be obtained because of cardiac arrhythmias; thus, these
patients were excluded from the study. Furthermore, on
three occasions, a complete visualization of the graft was
not achievable with duplex scanning, resulting in the
exclusion of these patients as well.
Sixty-three examinations were eligible for further
analysis. Of these, 12 were repeated tests on the same graft
at a minimum of 1-month interval (mean, 128 days;
range, 30-184 days). The indication for bypass grafting
was critical leg ischemia, and an autogenous vein was used
as graft material on all occasions. As inflow sources for
bypass grafts, common femoral, superficial femoral, deep
femoral, proximal popliteal, and distal popliteal arteries
were used on 46 (73%), 5 (7.9%), 1 (1.6%), 9 (14.3%), and
2 (3.2%) occasions, respectively. The outflow was to the
distal popliteal artery in 5 (7.9%), to the truncus tibiofibu-
laris artery in 2 (3.2%), to the crural vessels in 31 (49.1%),
and to the inframalleolar arteries in 25 (39.7%) cases.
Continuous variables were presented as a mean and as
SDs. Differences were compared with the independent
samples t test; P values less than .05 were considered as
statistically significant. For comparison with the diagnos-
tic standard, receiver operating characteristic curve analy-
sis was used to determine the optimum cutoff points to
both TFI and single-point ABI measurements. Sensitivity,
specificity, positive predictive value (PPV), negative pre-
dictive value (NPV), and accuracy were calculated.
Assessment of repeatability was made with the Bland-
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Fig 2. TFI for 63 grafts classified as normal or at risk. Only false-negative test result has clear outlier value of 2.1. Broken line at 1.02.
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clavian steal syndrome 9 years ago. He had undergone a
carotid-subclavian bypass graft operation that had occluded
in the early postoperative period. This had resulted in a
lower brachial artery pressure of 30 mm Hg compared
with the contralateral side. With this patient included, the
sensitivity, specificity, PPV, NPV, and accuracy were 96%,
65%, 61%, 96%, and 76%, respectively (Fig 2). If the four
excluded studies where TFI examination was unable to be
performed because of cardiac arrhythmias were added in
the amount of false-positive study results, the respective
figures were 96%, 59%, 55%, 96%, and 72%. 
For ABI measurements, when the same sensitivity
level of 96% as for TFI was tested, the cutoff value was to
1.22. However, only five of 40 normal grafts exceeded this
value. The specificity, PPV, NPV, and accuracy were 13%,
38%, 83% and 40%, respectively (Fig 3). Whereas all nor-
mal grafts had an ABI of 0.8 or more, the variation was
wide for the at-risk grafts, with only six of the 23 having
an ABI less than 0.8. When a drop of ABI of 0.15 com-
pared with the immediate postoperative value was used as
the test value, 15 stenosed grafts were missed (sensitivity,
32%; specificity, 78%; PPV, 50%; NPV, 64%; and accuracy,
63%) (Fig 4).
Altman test statistics expressed as limits of agreement of
mean ± 2 SD.19
RESULTS
Of 63 grafts studied, 40 (63% ) had no significant dis-
ease. On 22 (37%) occasions, an at-risk graft was detected.
These included 6 mild stenoses (5 in the graft and 1 in the
outflow vessel), 14 high-degree stenoses (6 in the graft, 4
in the proximal anastomosis, 3 in the distal anastomosis,
and 1 in the runoff vessel), and 2 cases with a flow less
than 45 cm/s throughout the graft without distinct steno-
sis. One graft was occluded.
Limbs with normal duplex scanning findings had a
mean TFI of 1.09 (SD 0.27). At-risk grafts had a mean TFI
of 0.89 (SD 0.29; P = .005). The occluded graft had a TFI
of 0.61, which was the lowest value of all tests. With a cut-
off value of 1.02, the TFI correctly detected 21 of 22 at-
risk grafts. Of the 40 normal grafts, the TFI correctly
detected 26 as disease free. The only false-negative result
was a clear outlier value of 2.1. When this patient’s history
was retrospectively reviewed, it was revealed that the
patient had a stenosis in his right subclavian artery and sub-
Fig 3. A similar sensitivity of 96% as TFI was achieved in resting ABI at 1.22 (broken line). As depicted, this resulted in poor specificity.
On 12 occasions, a comparison of TFI with a previous
measurement was available. Ten grafts had two examina-
tions, and one graft had three. On five of these, the grafts
were classified as normal on both visits. The mean differ-
ence of the measured TFI was 0.06 (range, 0.02-0.14).
Seven grafts had disease on the first visit, and this was
repaired successfully. When preprocedural and postproce-
dural TFIs were compared, they were raised, with a mean
of 0.33 (range, 0.13-0.84; P = .026) (Fig 5).
The repeatability was measured in the proximal thigh,
distal thigh, and proximal crus bilaterally on 30 patients.
The limits of agreement were ± 0.21, ± 0.07, and ± 0.15,
respectively (Figs 6, 7, and 8).
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DISCUSSION
Duplex scanning has been regarded as the noninvasive
method of choice for vein graft surveillance. With a rapid
modern technical development, the former value of
angiography as the gold standard for diagnosing graft dis-
ease can be questioned,12-14 and furthermore, it is claimed
that treatment decisions can be made solely on the basis of
duplex.20,21 Also, the intervention criteria are well estab-
lished.16,12,22-24 However, the scanning of the entire
bypass graft requires considerable technical expertise and
at least 60 minutes, with the time doubling if both
extremities need to be examined.
Fig 4. A decrease in ABI ≥ 0.15 (broken line) showed poor accuracy in differentiating between normal and at-risk grafts.
Fig 5. TFI values of two testing occasions on same bypass graft. Minimum time between the examinations was 1 month (mean, 93 days).
The difference in TFI for grafts that were normal on both occasions (straight lines) was 0.02 to 0.14 (mean, 0.06), whereas for at-risk
grafts that were corrected successfully (broken lines) the increase was always ≥ 0.13 (mean, 0.33).
Ankle-brachial pressure measurements have been used as
a simple adjunct to surveillance protocol. Unfortunately, in
a considerable number of limbs, a drop in ankle pressure is
not evident before occlusion occurs.25,26 This study con-
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firms the existing limitations of ankle pressure measurements
as a surveillance method. Noninvasive plethysmographic
impedance analysis, which has been studied since the 1990s,
has been suggested as a good method for vein graft surveil-
Fig 6. Bland-Altman plot of TFI’s repeatability on proximal thigh.
Fig 7. Bland-Altman plot of TFI’s repeatability on distal thigh.
lance,27-29 but it has not gained wide clinical use, despite
being a commercially available system. For the calculation of
the impedance, pulsatile pressure and blood flow in the arte-
rial segment need to be assessed. If this is performed nonin-
vasively, intra-arterial pressure measurement is replaced by
PVR, and graft blood flow is estimated with continuous-
wave Doppler scan. This leads to some technical drawbacks.
First, even though the shape rather than the amplitude of
the PVR and Doppler flow curves was used for the calcula-
tion of the impedance index, the accuracy of Doppler flow
measurement depends greatly on the local hemodynamic
circumstances. This is known to vary considerably from one
point to another, especially because of variation in a vessel’s
cross-sectional diameter.30 Second, practical difficulties to
obtain a good quality signal with a handheld Doppler probe
are a major obstacle for the use of this method.
The TFI is a noninvasive method for estimating hemo-
dynamic function that surmounts these theoretical and
practical problems. Complex waveform analysis, such as
Fourier and Laplace transformation, has been shown to
enhance the accuracy of waveform studies, but because of
the complexity of the calculations needed, they have not
been useful in clinical practice.31,32 However, with mod-
ern microprocessors and associated programming the
analysis can be performed with ease and applied in a
portable vascular laboratory machinery. The system con-
centrates on maintaining the venous occlusion pressure at
60 mm Hg, and the pulse volume waveform itself is ana-
lyzed. The requirement of exact air volume and calibration
of the cuffs is obviated. When both inflow and outflow
curves are obtained and normalized in amplitude, only the
difference in shape remains important. This leads to a
well-standardized test that measures the hemodynamic
system physiologically with an open arterial circulation.
The sensitivity of the system to detect hemodynami-
cally compromised grafts was excellent. In practice, all
stenosed grafts were detected. The one outlier value not
detected was a clear technical mishap, and a good explana-
tion could be found. The system should be developed so
that it takes into account both arms and chooses the better
one for inflow analysis to avoid measurement error due to
a pathologic condition in the arterial system of the upper
arms. Sixteen false-positive test results were found. The
TFI measurement is a mapping of the whole bypass graft
including inflow from abdominal aorta to outflow vascular
bed, whereas duplex scanning is performed only to a few
centimeters of inflow and outflow tract. Thus, significant
stenoses in aortoiliac segment and in runoff arteries are
undetected in duplex scan that may affect the TFI value. In
the critically ischemic patient group, both the inflow arter-
ies and the runoff vascular bed are seldom disease free.
An obvious possibility to improve the TFI’s specificity
would be to obtain a baseline value after the immediate
postoperative period with which later follow-up values are
compared in a way analogous to the use of ABI measure-
ment. Thus, only developing de novo stenoses are noticed,
and the amount of false-positive study results from a dis-
eased native arterial tree can be expected to decrease. This
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Fig 8. Bland-Altman plot of TFI’s repeatability on proximal calf.
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is supported by our finding with those grafts for which
several measurements were available. When a hemody-
namically successful graft revision was performed, an
increase in the TFI value was invariably observed. When a
graft appeared normal in repeated scans, the TFI value
remained stable.
In a comparison with duplex scanning, our experience
is that the TFI is easier and quicker to perform. A test
takes approximately 10 minutes to perform, and bilateral
testing can be performed simultaneously. Good quality
waveforms are easily obtained, and valid results with low
variability can be achieved after a short training. The sys-
tem is not operator dependent, because the equipment is
fully automatic and the calculations made by the com-
puter. The testing is well tolerated by the patients, espe-
cially because the cuffs do not need to be inflated to
suprasystolic pressures.
Some limitations exist. The system is not suitable for
some patients with cardiac arrhythmias such as atrial fibril-
lation. The limits of agreement are wide in the upper
thigh. This indicates that the accuracy of TFI measure-
ment is perhaps not acceptable when the volume of the
measured segments increases. Nevertheless, this should
not pose as much of a problem in vein graft surveillance as
when diagnosing aortoiliac disease.
In summary, this study has shown that with the TFI, an
at-risk graft is reliably detected before occlusion. The exam-
ination is simple and quick to perform, and the testing
results are repeatable below the proximal thigh. Further val-
idation with a prospective follow-up study is warranted.
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